Natural killer T cells expressing an invariant T-cell receptor (iNKT)regulate
N
atural killer T (NKT) cells are a distinct T lymphocyte lineage that are rapidly activated to produce cytokines that influence many cell types either upon recognition of antigen or in inflammatory settings, allowing them to functionally link the innate and adaptive immune responses (1) (2) (3) . NKT cells develop in the thymus from CD4 ϩ CD8 ϩ progenitors and pass through three developmental stages defined by expression of CD44 and NK1.1 (1, 2) . The last maturation step for many NKT cells involves up-regulation of NK1.1 and usually occurs in the periphery after CD44 hi NK1.1 Ϫ NKT cells have exited the thymus (1, 2) . During maturation, NKT cells up-regulate expression of many markers of T cell activation (including CD44, CD69, and CD122) and receptors normally expressed by NK cells (such as KLRG1 and NK1.1) (3). The NKT cell population can be divided into three main subsets: Type I are the well-studied V␣14 invariant population (iNKT); Type II include CD1d-reactive NKT cells with diverse non-V␣14 T cell receptors; and Type III are CD1d-independent NKT cells (1, 2, 4) . The majority of iNKT cells are activated through interaction of their TCR with glycolipid antigens, such as alpha-galactosylceramide (␣GalCer), presented by the MHC class I-like molecule CD1d on antigen presenting cells and can be detected with ␣GalCer-loaded CD1d tetramers (1, 3, 5) . Several of these glycolipids are derived from microorganisms and mediate iNKT cell activation during infection (6) . Upon activation, iNKT cells rapidly secrete a diverse set of cytokines representative of multiple CD4 ϩ helper T cell subsets, notably including IFN-␥ and IL-4, and therefore influence a wide range of immune responses and disease states (3) . Many signaling molecules, transcription factors, cytokines, and chemokines are involved in iNKT cell development, survival, and trafficking (1) . Notably, mutations in the transcription factor T-bet and IL-15 both disrupt iNKT cells late in their maturation coinciding with their acquisition of effector functions (7, 8) . Mature iNKT cells show a pattern of localization distinct from other T cells and are found preferentially in the liver as well as spleen, bone marrow, and thymus, but less so in the lymph nodes (5) . CXCR3 and its ligand, CXCL9, are particularly important for iNKT cell trafficking to the periphery from the thymus (9) . The chemokine receptor, CXCR6, and its transmembrane ligand, CXCL16, have been shown to be important for iNKT cell accumulation in the liver, either by affecting maturation or provision of an essential survival signal (10) (11) (12) (13) . LFA-1, a member of the ␤2 integrin family of adhesion molecules, has also been shown to influence accumulation of iNKT cells in liver (14, 15) . However, which specific signals preferentially recruit iNKT cells to the liver or support their survival and maturation are not well-elucidated.
We noted that: 1) iNKT cells share phenotypic and functional properties with CD8 ϩ memory T cells and NK cells, 2) T-bet and IL-15 are required for NK, CD8
ϩ T cell and iNKT cell maturation as each cell type acquires effector function, and 3) deficiency in the transcriptional regulator Inhibitor of DNA-binding-2 (Id2) results in a development block in the transition from NK precursor to a mature NK cells and in CD8 ϩ T cell effector/memory formation at a similar point in maturation (16) (17) (18) . Thus, we hypothesized that Id2 would also regulate iNKT cell homeostasis/maturation.
The E/Id protein family of transcriptional regulators has been implicated in many aspects of lymphocyte development (19) (20) (21) . E proteins are basic helix-loop-helix transcriptional activators/ repressors that regulate lymphocyte development by binding to DNA at E-box sites, regulating expression of genes crucial to developmental progression and enforcing key developmental checkpoints (19) (20) (21) . E protein DNA-binding activity can be negatively regulated by Id proteins, which heterodimerize with E proteins and prevent binding to target sequences (19) . One of the Id proteins, Id2, has been shown to be crucial for development of multiple immune cell types (16) (17) (18) . Id2-deficient mice lack Peyer's patches, peripheral lymph nodes, mature NK cells, and show diminished numbers of CD8␣ ϩ dendritic cells, TCR ␣␤ IELs, and Langerhans cells (16) (17) (18) . Recently, we reported that Id2 plays key role in regulating the CD8 ϩ T cell response to infection, where Id2-deficiency resulted in increased apoptosis of effector cells and reduced formation of CD8 ϩ memory T cells (17) . Id2 mRNA was found to be expressed at an approximately 5-fold higher level in mature iNKT cells compared to CD4 ϩ T cells, suggesting that it may function in this cell type (22) . Despite the many known effects of Id2 on lymphoid cells, its function in iNKT cells was not known.
Results and Discussion
Id2-Deficient NKT Cells Fail To Accumulate in Liver and Bone Marrow.
We compared the levels of Id2 mRNA expression by quantitiative PCR (qPCR) among purified populations of naive and effector CD8 ϩ T cells, NK cells, and total NK1.1 ϩ TCR␤ ϩ NKT cells sorted from spleen. Id2 mRNA expression was elevated in NK, NKT, and effector cells compared to naïve CD8 ϩ T cells (Fig. 1A) . As Id2 is a key factor in terminal maturation of NK cells and survival of effector CD8 ϩ T cells (16) (17) (18) 23) , the high mRNA expression in NKT cells suggested that it could also influence NKT cell development or survival. Interestingly when we compared Id2 mRNA levels between hepatic and splenic NKT cells, expression was similar between the two populations, while Id3 mRNA was dramatically lower in hepatic NKT populations (Fig. 1 A) . Thus, mRNA expression suggested that Id2 would be the relevant Id family member for hepatic NKT cells.
To determine the impact of Id2 deficiency on the NKT cell compartment, we analyzed fetal liver or bone marrow chimeras reconstituted with either Id2-deficient (Id2 KO ) or Id2-sufficent (Id2 ϩ ) hematopoietic cells. We generated chimeras to study the hematopoietic system as Id2-deficiency leads to severe runting and neonatal death, perhaps due to defects in development of adipose tissue (17, 24) . Examination of Id2 ϩ/Ϫ and Id2 ϩ/ϩ reconstituted chimeras showed no differences in their NKT populations (Fig. S1) , thus experiments included both compared to Id2 KO chimeras. NKT cell populations were identified by expression of the donor congenic marker (CD45.2), NK1.1, and TCR␤ (referred to as NKT), or by staining with CD1d tetramers (3), which identify the NKT cell subset using the canonical V␣14 TCR (referred to as iNKT). It should be noted that the NK1.1 ϩ TCR␤ ϩ NKT population identifies the mature cells within all three NKT subsets while CD1d tetramer identifies NK1.1 ϩ/Ϫ type I iNKT cells and a portion of the less abundant type II subset. Chimeras reconstituted with Id2 KO donor cells showed a striking reduction in the percentage the iNKT subset in the liver and bone marrow compared to controls receiving Id2 ϩ donor cells, while a decreased percentage for total NKT cells (NK1.1 ϩ TCR␤ ϩ ) was observed in all tissues ( Fig. 1 B and C) . We observed the most severe defect in the liver, where the percentage of total NKT cells recovered from mice reconstituted with Id2 KO cells was approximately 10-fold lower than in chimeras that received Id2 ϩ cells (Fig. 1C) and where the percentage of the iNKT cell population was reduced approximately 5-fold (Fig. 1C) . significance was determined using unpaired two-tailed t-test where * , P Ͻ 0.05, ** , P Ͻ 0.005, *** , P Ͻ 0.0005.
mately 6-fold reduction in CD1d tetramer ϩ iNKT cells recovered from livers of chimeras that received Id2 KO compared to Id2 ϩ donor cells (Fig. 1D) . In bone marrow, we found a significantly lower frequency and total number of CD1d tetramer ϩ iNKT cells in Id2 KO compared to Id2 WT reconstituted recipients; a similar but not statistically significant trend was observed for NK1.1 ϩ TCR␤ ϩ NKT cells ( Fig. 1 C and D) . While significant differences in frequency of NK1.1 ϩ TCR␤ ϩ NKT cells were observed in the thymus and spleen, this was not maintained the analysis of absolute cell numbers ( Fig. 1 C and D) . As previously reported (16) (17) (18) 23) , the percentage of TCR␤ ϩ NK1.1 Ϫ T cells (Fig. 1B) or CD4 ϩ and CD8 ϩ T cells (Fig. S2) was not altered by Id2-deficiency in any of the tissues examined, but the NK cell population (NK1.1 ϩ TCR␤ Ϫ ) was absent (Fig. 1B) . Given the consistent and dramatic effect resulting from the loss of Id2 expression on hepatic NKT cells, we focused primarily on this population.
The final maturation step for many NKT cells is indicated by up-regulation of NK1.1 expression and can be completed after cells leave the thymus (1-3). To investigate the possibility of an Id2-mediated defect in NKT cell development, the percentages of mature and immature NKT cells, assessed by CD44 and NK1.1 expression, among hepatic and thymic iNKT cells from Id2 KO and Id2 ϩ chimeras were analyzed. There were no significant differences in the percentages or absolute numbers of thymic iNKT cells at any stage of development between Id2 KO and Id2 WT cells, indicating that early development of iNKT cells in the thymus was not affected by loss of Id2 (Fig. 1E) . In contrast, examination of the iNKT cell subsets in the liver revealed a lower percentage of mature CD44 (Fig. 1E) . Importantly, we also found that the defective accumulation of Id2 KO iNKT cells was not rescued in mixed chimeras where Id2 ϩ donor cells were also present ( Fig. 2A) . Here, even when progenitors were mixed and allowed to reconstitute congenically distinct recipients, the Id2 KO donor cells gave rise to approximately 10-to 12-fold fewer iNKT cells compared to the Id2 ϩ cells within the same recipient. Thus, the presence of Id2 ϩ cells did not restore the NKT cell population, highlighting an intrinsic role for Id2 in supporting the formation of an iNKT cell population. Furthermore, we did not observe any differences in the expression of CD1d, a molecule important for NKT cell maturation, between the Id2 KO and Id2 ϩ donor cells in thymus, bone marrow, spleen, or liver (Fig. 2B ).
Id2 KO NKT Cells Produce Cytokines upon Activation and Display an
Activated Phenotype. To determine if the few Id2 KO NKT cells that were generated could function upon activation, we injected Id2 KO or Id2 ϩ reconstituted chimeras with 2 g ␣GalCer. Mice were killed 1.5 h after injection, at which point IFN␥ and IL-4 production by hepatic and splenic iNKT cells was assessed using intracellular cytokine staining and FACS analysis. Id2
KO iNKT cells produced similar levels of cytokines after activation compared to their Id2 ϩ counterparts (Fig. 3A) . iNKT cells also express many cell-surface markers characteristic of activated/memory T cells (CD69 ϩ , CD44
hi , and CD122 ϩ ) (1-3). To characterize Id2-deficient iNKT cells further, expression of indicated phenotypic markers by mature iNKT cells was assessed. Id2
KO iNKT cells and their wild-type counterparts expressed similar levels of CD122 (IL-2R␤), CD44, and CXCR3 (Fig. 3B) . However, we observed lower levels of CD69 and CD43, which may indicate partially impaired activation and/or maturation (Fig. 3B) . Thus, the small numbers of mature Id2 KO iNKT cells that can be identified in the liver have some of the phenotypic markers of maturation and can respond to stimulation with ␣GalCer in vivo. ϩ NKT cells were recovered from spleens and livers of host mice, indicating that trafficking to the peripheral organs by the Id2 KO iNKT cells was not impaired and was perhaps enhanced (Fig. 4A) .
The level of apoptosis among NKT cells was next evaluated; lymphocytes from liver and spleen were harvested from Id2 KO or Id2 ϩ chimeras and stained for Annexin V. More Id2 KO than Id2 ϩ hepatic NK1.1 ϩ TCR␤ ϩ cells stained Annexin V ϩ (Ϸ60% vs. Ϸ15%), while no differences were observed between the splenic populations or between conventional T cells in liver or spleen, indicating that many of the hepatic Id2 KO NKT cells were undergoing apoptosis (Fig. 4B) . Normal cytokine production by Id2 KO NKT cells (Fig. 3) in the context of dramatically higher cell death is perhaps surprising; however, activation with ␣GalCer may rescue or accelerate cell death, leaving only functional cells to assay. It was not possible to measure Annexin V staining for iNKT cells as CD1d tetramer staining was lost with the conditions required for Annexin V binding. These results indicated that the lower percentage of iNKT cells observed in the livers of Id2 KO chimeras was due to impaired survival.
Id2 KO NKT Cells Have Diminished Expression of CXCR6, bcl-2, and bcl-XL. CXCR6, a chemokine receptor, and its ligand, CXCL16, are essential for iNKT cell accumulation in the liver (13, 14) . CXCR6 is expressed at high levels by resting iNKT cells and at intermediate levels by effector and memory T cells (22 (Fig. 5A, left) , suggesting that Id2 influences CXCR6 expression in this cell type. We next examined surface expression of the CXCR6 protein using a Fc fusion protein of its ligand, CXCL16-Fc, as described previously (12) . NKT cells from Id2 KO chimeras showed dramatically reduced levels of CXCL16-Fc binding in both spleen and liver (Fig. 5A, right) , while the total conventional T cell population expressed low levels of CXCR6 that were slightly lower among Id2 KO cells (Fig. S3A) . As CXCR6 has been suggested to promote survival of hepatic iNKT cells, Id2 KO NKT cells may fail to receive an essential survival signal due to lower CXCR6 expression (10, 11) .
However, reduced CXCR6 expression does not provide a complete explanation for the Id2 KO iNKT cell defect as CXCR6-and CXCL16-deficient mice show a less severe loss of NKT cells (10, 11) (Fig. S4) . In our study of Id2 KO CD8 ϩ effector cells, we also observed a defect in survival that correlated with diminished bcl-2 expression and enhanced bim expression (17) . Further, bim has been implicated in negatively regulating survival of activated iNKT cells (25) . To determine if Id2 deficiency affected expression of bcl-2 family members in iNKT cells, we used qPCR to compare the relative mRNA levels of a panel of pro-and anti-survival molecules (17) . We found that bcl-2 and bcl-X L mRNA levels within sorted splenic and hepatic Id2 KO and Id2 ϩ NKT cells were consistently 2-to 3-fold decreased by hepatic Id2 KO but not splenic Id2 KO NKT cells when compared to Id2 WT cells (Fig. 5 B and C, left) . We further confirmed, by intracellular staining, that down-regulation of bcl-2 and bcl-X L protein expression by Id2 KO cells was liver-specific ( Fig. 5 B and C, right) and NKT cell specific, as conventional Id2 KO T cells showed similar expression to Id2 WT T cells (Fig. S3) . Interestingly, CXCR6-deficient hepatic NKT cells expressed lower levels of intracellular bcl-2 protein, but displayed normal levels of bcl-X L (Fig. S4) , further suggesting that Id2 regulates factors in addition to CXCR6 to support NKT cell survival. The preferential down-regulation of these two anti-apoptotic molecules in liver provide a mechanistic explanation for the liver-specific defect found for Id2 KO KO bim ϩ/ϩ donor cells (Fig. 6C) . However, the number of donor iNKT cells in the thymus and spleen of recipients that received bim-deficient donor cells was not significantly altered compared recipients that received Id2
WT donor cells, suggesting the rescue is not due to increased thymic output in the absence of bim (Fig. S5) . The minor difference in percentage and number between Id2 KO bim Ϫ/Ϫ and Id2 ϩ bim Ϫ/Ϫ hepatic NKT cell populations was not significant. Thus, the removal of bim-mediated cell death overcomes the survival defect of Id2 KO NKT cells.
We have shown that Id2 deficiency results in perturbations of NKT cell homeostasis including a dramatic reduction in accumulation of both V␣14i and total NKT cells in the liver (Fig. 1) . Id2-deficient NKT cells displayed increased apoptosis compared to their Id2-sufficient counterparts in the liver, suggesting that Id2 expression promotes their survival (Fig. 4) . These results highlight a role for Id2 in NKT cell homeostasis and are reminiscent of defects observed in NK and CD8 ϩ T cells where a requirement for Id2 occurs at late stages of maturation upon acquisition of effector function, coincident with down-regulation of Id3 (16, 17, 22, 26) .
Much like the defect we observe in the absence of Id2, CXCR6 KO (10, 11) and CXCL16 KO mice (13) , have a significant loss of hepatic but relatively normal iNKT cell populations in other tissues. Interestingly, we found that Id2 KO NKT cells showed substantially reduced expression of CXCR6 in all tissues tested (Fig. 5) . The liver-specific iNKT cell defect in CXCR6 KO mice has been proposed to result from increased apoptosis (10) and impaired maturation (11) . We observed increased apoptosis (Fig. 4) and diminished numbers of both NK1.1 Ϫ and NK1.1 ϩ Id2 KO NKT cells ( Fig. 1 ) compared to their Id2 ϩ counterparts in the liver. This observation suggests lower CXCR6 expression deprives Id2-deficient hepatic iNKT cells of an essential survival signal, preventing accumulation of mature cells (Fig. 4) . Thus, splenic and thymic iNKT cells may depend on different survival signals, which do not require CXCR6 expression. Finally, we did not observe any defects in cytokine production by the Id2-deficient iNKT cells, while CXCR6 KO and CXCL16 KO NKT cells were found to have decreased cytokine production, indicating that the residual levels of CXCR6 expressed by Id2 KO NKT cells were sufficient to mediate more normal maturation and activation.
Interestingly, we observed a more severe hepatic phenotype than the CXCR6 KO mice and find fewer iNKT cells in the bone marrow unlike CXCR6 KO mice, suggesting that reduced CXCR6 expression may not fully explain the severity and extent of the iNKT cell defect in Id2-deficient mice. We found that bcl-2 and bcl-X L were both expressed at lower levels in the Id2 KO iNKT cells that localized to the liver, supporting a role for Id2 in promoting cell survival (Fig.  5) . Loss of expression of pro-survival molecules could not be accounted for solely by down-regulation of CXCR6 expression as CXCR6 KO iNKT cells had less bcl-2 but normal bcl-X L expression (Fig. S4) . Of note, the Id2 WT hepatic iNKT cells expressed higher levels of these anti-apoptotic molecules compared to their splenic counterparts, perhaps indicating that iNKT cells require greater protection from apoptosis when localized to the liver. Importantly, the survival and accumulation defect of Id2 KO iNKT cells was largely rescued by eliminating bim, a key molecule promoting apoptosis of lymphocytes, including iNKT cells, emphasizing the role of Id2 in regulating survival by influencing components of the intrinsic apoptotic pathway (Fig. 6) .
Studies addressing Id2 function in NK cell development demonstrate that Id proteins are required to control E protein activity, which is accomplished cooperatively by Id2 and Id3 during development but by Id2 alone at later stages as Id3 is down-regulated (16, 26) . Interestingly, Id2 mRNA levels were equivalent between NKT cells recovered from spleen and liver, while Id3 levels were approximately 5-fold higher in splenic compared to hepatic NKT cells in wild-type mice, perhaps explaining the normal NKT population in the Id2 KO spleen and why Id2 is crucial for hepatic the NKT population (Fig. 1B) . Future experiments will be required to establish if the sole function of Id2 in NKT cell homeostasis is to diminish E protein activity and whether activity of E protein transcription factors may influence NKT cell development or 
